Objective
A three-tier model of the vocal tract area function has been developed for use in studying the relation between vocal tract shape and acoustics, generating stimuli for perceptual experiments, and eventually producing sentence-level synthetic speech. Figure 1 shows a schematic idealization of the model in which a vowel-like area function is "built" on top of a neutral area function (i.e. produces nearly equally spaced formant frequencies) with deformation patterns defined in Tier I. Tier II creates a superposition function that alters the shape of the vowel area function in a specific region of the vocal tract to create a consonantal constriction. Modifications to the vocal tract length can also be imposed on the vocal tract via Tier III. The parameters within each tier can be time-varying and hence, the area function at any instant of time is represented as the combination of a vowel substrate, a superimposed consonantal element, and possible lengthening or shortening of various portions of the vocal tract length. Based on the concept of consonantal superposition, the model has similarities to those proposed byÖhman (1966;1967) , Carré and Chennoukh (1995) , and Bavegard (1995) . 
List of symbols
V (x, t) = time-varying vowel substrate C(x, t) = time-varying consonantal overlay A(x, t) = composite vocal tract shape φ j (x) = articulatory eigenmodes (basis functions) to generate the vowel substrate Ω(x) = mean vocal tract shape (diameter function) q j (t) = time-varying amplitude coefficients for the basis functions d c (t) = degree of consonantal constriction a c (t) = minimum cross-sectional area of the consonant constriction s c (t) = strength (activation) of the consonant l c (t) = location (place) of the constriction in terms of distance from the glottis r c (t) = width (range) of the consonant superposition function (in cm or section numbers) z c (t) = skewing ratio of consonant superposition function. n(t) = cross-sectional area of nasal port (in cm 2 ) M = number of modes (basis functions) N = number of separate consonant overlays used x = spatial dimension of the vocal tract t = time
Tier I: Vowel substrate
The FIRST TIER is a vowel substrate defined by a system of spatial eigenmodes determined from MRI and/or x-ray microbeam data and a neutral area function. The input parameters to this first tier are coefficient values that, when multiplied by the appropriate eigenmode and added to the neutral area function, construct a desired vowel. This model has been shown to have the ability to produce vocal tract shapes whose acoustic characteristics span a typical F1-F2 vowel space. (Story, 1998 ).
• The vowel area function can be generated with the following expression,
• x is the spatial dimension of the vocal tract, discretized into 44 sections, each of nominal length 0.396825 cm. Thus, the vocal tract area functions described throughout this paper are assumed to contain 44 cross-sectional areas concatenated as "tubelets" that are ordered consecutively from just above the glottis to the lips.
• The Ω(x) is a diameter function that, when converted to an area vector, will contain cross-sectional areas representative of a neutral vocal tract shape.
• The φ i (x)'s are eigenmodes (basis functions) derived from a Principal Components Analysis of a particular speaker's inventory of area functions.
• Note that the Ω and φ's are defined only along the spatial dimension (vocal tract length); the time-varying character of the vowel area function derives from the temporal dependence of the eigenmode coefficients q j (t).
• As an example, Figure 2b shows a collection of area functions generated by the time-varying q 1 (t) and q 2 (t) in Fig.  2a (M=2 in Eqn (1)). This approximates a transition from an / /-like vowel to one that is / /-like. 
Tier II: Consonant superposition function
The SECOND TIER consists of a shaping function defined along the length of the vocal tract that modifies the vowel substrate such that a constriction is formed. Input parameters consist of the location, area, range, and skewness of the constriction. Location and area roughly correspond to the standard phonetic notions of place and degree of constriction, while the range defines the amount of vocal tract length over which the constriction will influence the tract shape. The skewness parameter allows for an asymmetric constriction.
• The consonant superposition function is defined by the following Gaussian-based function,
and
• l c (t) is the location of the constriction specified as a distance from the glottis.
• d c (t) is the degree of the constriction and is determined by the ratio of the desired constriction cross-sectional area to the area of vowel substrate (V ) at a location l c and at some specific point in time. It is written as,
.
• r c1 (t) and r c2 (t) are determined from r c (t) = which is the width (range) of the consonant superposition function along the vocal tract length and a skewing ratio z c (t).
The range is defined to be the distance between the points along the vocal tract length where the consonant function is equal to 0.5 (see Figure 3 ). This definition is realized by the use of the constant ln(16) in Eqn. 3.
• s c (t) is the "strength" or activation level of the consonant.
-For s c (t) = 0 the consonant function is effectively "shut off," regardless of the other parameter values.
-For s c (t) = 1 the desired cross-sectional area of constriction is fully realized.
-When 0 < s c (t) < 1 the constriction is partially realized.
The desired x-sect area of the constriction does not change but the constriction is "spread" over a longer section of the vocal tract length. Example consonant superposition functions. Both functions were generated with the "range" set to rc = 4 cm and the "strength" set to sc(t) = 1. The skewing ratio used for (a) was zc = 1 (symmetric) and zc = 0.3 for (b) .
Composite Vocal Tract Area Function
The area function at each time sample is calculated as the element-by-element product of the vowel substrate and the consonant superposition function. An example is shown below in Figure 4 . 
Model comparison to measured area functions
Selected (static) consonant area functions measured with MRI (Story, 1996) are shown in Figure 5 along with their representation based on the present model. The parameter values for each consonant, shown in Table I , were obtained with an optimization algorithm that minimized the squared difference between the model and the measured area functions. 
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Simulation of syllables
As shown in the previous sections, the parameters of the model can be specified over time. This allows a time-varying area function to be generated that could represent transitions from vowels to consonants and vice versa. An example is given in Figure 6 where the time variation of seven parameters of the model is specified over a duration of 0.75 seconds.
• The specification of the vowel portion is limited to two eigenmode coefficients (q 1 (t) and q 2 (t)). Their time course approximates an vowel between 0-0.3 seconds, a transition from 0.3-0.45 seconds, and an vowel from 0.45-0.75 seconds.
• The "strength" of the consonant, s c (t) varies from 0.0 to 1.1. When s c (t) = 0 or nearly so, the other consonantal parameters become irrelevant -that is, they will not influence the shape of the area function. Thus, it is at the three points in time marked T1, T2, and T3, where the consonant constriction will be fully realized -giving rise to three consonants.
• Time = 0-0.2 seconds: The location, area, range, and skewing quotient for the constriction are held constant. This is the period of time where s c (t) rises from 0 to 1.2 and then descends back to zero.
• Time = 0.2-0.3 seconds: While s c (t) = 0, l c (t), a c (t), r c (t), and z c (t) now can be moved to new values in preparation for the next consonant.
• Time = 0.3-0.45 seconds: s c (t) rises to 1.0 and the falls back to 0.0, creating the consonant specified by the other parameters.
• Time = 0.45-0.55 seconds: Again, while s c (t) = 0, l c (t), a c (t), r c (t), and z c (t) move to their new values in preparation for the third consonant.
• Time = 0.55-0.75 seconds: s c (t) increases from 0.0 to 1.0 to execute the consonant and then drops to 0.0, releasing it.
• The eigenmode coefficients and constriction locations were chosen to roughly approximate the VCVCVCV utterance
Þ . An audio sample is available for listening. The time-varying area function produced by the parameter variations is shown in Figure 7 . The arrows correspond to the three time points indicated in Figure 6 . 
Vocal tract length modifications
Length modifications are generated with a superposition function similar to that for the consonant constrictions. However, the function is superimposed on a length vector.
• Let the nominal length vector (length of each tubelet in the area function) of 44 equal elements,
where ∆ = 0.396825 cm.
• For a length modification near the glottal end of the vocal tract (larynx lowering/raising), the following function is used,
where
-p g (t) = location along the x-axis where the length change is centered.
-r g (t) = extent along the x-axis within which the length change is contained.
-A = 2 ln(10000)
• For a length modification near the lip end of the vocal tract (lip retraction/protrusion), the following function is used,
-p m (t) = location along the x-axis where the length change is centered.
-r m (t) = extent along the x-axis within which the length change is contained.
• The complete length modification function is the element-by-element product,
• Finally, the length modification is created by multiplying the original length vector L by γ,
VCV simulation with length modification
The time-varying parameters shown in Figure 8 will produce a vowel transition from Ó to , execute a consonant constriction at 0.37 seconds (see s c (t), and lengthen the vocal tract near the lips by 1 cm at 0.21 seconds (and then remove the lengthening).
This pattern of parameters was used to generate three utterances: »Ó », »Ó », and »Ó »; the value of l c was changed in each case. For comparison, a vowel-only utterance was created with s c (t) = 0 and with L m (t) = 0. 
